Background Although its FDA-approved applications are limited, the pro-osteogenic benefits of recombinant human BMP-2 (rhBMP-2) administration have been shown in offlabel surgical applications. However, the effects of rhBMP-2 on ankle fusions are insufficiently addressed in the literature, which fails to include a case-control study of adequate sample size to evaluate the efficacy of rhBMP-2 treatment.
ankle fusion in complex patients (patients with comorbidities associated with poor surgical healing) compared with a control group of patients undergoing ankle fusion who did not receive rhBMP-2; (2) would reduce total time wearing a frame when compared with the control group; (3) would result in a difference in the percentage of bone bridging between the group treated with rhBMP-2 and the control group, as determined by CT scans 3 months after surgery; and (4) would encounter an equal rate of complications different from untreated patients. Methods A retrospective chart study was performed on 82 patients who, because of a host of comorbidities associated with poor healing, required a complex ankle arthrodesis with the Ilizarov technique. The first 40 patients did not receive rhBMP-2, whereas the subsequent 42 patients received intraoperative rhBMP-2. Time wearing the frame was determined by chart review; decision to remove the frame was made by the surgeon based on quantitative bone bridging measured using a CT scan taken 3 months after fusion. Results Patients treated with rhBMP-2 were more likely to obtain fusion after the initial surgery (93% versus 53%, p\0.001; OR, 11.76; 95% CI, 3.12-44.41), spent less total time wearing the frame (124 versus 161 days, p \ 0.01), and showed more bone bridging on CT scans (48% versus 32%, p \ 0.05). All patients with greater than 30% bone bridging observed on CT scans 3 months postoperatively achieved successful union without further intervention.
Each author certifies that he or she, or a member of his or her immediate family, has no funding or commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDAapproval status, of any drug or device prior to clinical use. Each author certifies that his or her institution approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained. This work was performed at the Division of Limb Lengthening and Complex Reconstruction, Hospital for Special Surgery, New York, NY, USA.
Conclusions Our findings suggest that rhBMP-2 is a beneficial adjunct for selected groups of patients undergoing complex ankle arthrodesis. CT is a promising modality in the assessment of bone healing in ankle fusion. A proper randomized controlled trial remains necessary to fully describe the efficacy of rhBMP-2 in accelerating bone healing. Level of Evidence Level III, therapeutic study. See the Instructions for Authors for a complete description of levels of evidence.
Introduction
Complex ankle fusions are often a final effort at lower limb salvage. ''Complex'' refers to surgery performed on patients with comorbidities associated with poor surgical healing or on patients with local healing problems who encounter a high rate of delayed and nonunions [6, 7] . Ankle fusion success was improved with the introduction of the Ilizarov technique [13, 18] which provided excellent stability, allowed immediate weightbearing, and minimized soft tissue trauma [13, 15, 22] . However, even in the controlled environment created by circular fixation, nonunion rates among patients who smoke or with neuropathy remain high [23, 24] . Based on the success of recombinant human BMP-2 (rhBMP-2) in fracture and spinal fusion healing, we began to use this material for our patients undergoing complex ankle fusion.
BMP-2 possesses proliferative and chemotactic properties, acting by inducing differentiation of noncommitted mesenchymal cells into cells of osteoblastic and chrondroblastic lineage [26] . A powerful mediator of vascular endothelial growth factor activity in animal studies [19] , rhBMP-2 has been associated with several preferred clinical outcomes including increased healing rate, increased bone quality, and reduced risk of complications when administered intraoperatively [4, 25] . However, recent literature citing unexpected complications, particularly heterotopic ossification and retrograde ejaculation when used in spinal procedures in close proximity to the presacral sympathetic plexus, has slowed any push for the inclusion of rhBMP in the current standard of care [2, 5] . This reluctance also is manifest in the literature, as Garrison et al. [14] , in their Cochrane review, lament the paucity of available data addressing the clinical use of rhBMP-2 in orthopaedics.
Most important to the patient base served by our service was the potential utility of rhBMP-2 in ankle fusions. This question was explored most prominently by Bibbo et al. [3] , who found that 96% of patients who received rhBMP-2 achieved successful union, a rate much greater than what typically was reported for this procedure [3, 13] . Although encouraging, the lack of a control group, limited sample size, and heterogenous mode of fixation leave aspects of this question unanswered. This is particularly poignant when assessing the benefits of Ilizarov fixation on this patient group.
We therefore sought to determine whether rhBMP-2 treatment (1) would increase the rate of successful ankle fusion in complex patients compared with a control group of patients undergoing ankle fusion who did not receive rhBMP-2; (2) would reduce total time wearing a frame when compared with the control group; (3) would result in a difference in the percentage of bone bridging between the group treated with rhBMP-2 and the control group, as determined by CT scans 3 months after surgery; and (4) would be a complication rate different from those who were treated without rhBMP-2.
Patients and Methods
We performed an institutional review board-approved retrospective cohort analysis of all 96 patients who underwent ankle fusion surgeries at our institution from October 2005 to June 2011. All surgeries were performed by the senior author (ATF) using an Ilizarov apparatus and a technique described previously [13] . Patients were referred to our service by fellowship-trained foot and ankle surgeons because of concerns that comorbidities precluded a successful arthrodesis using traditional internal fixation. Specific indications for use of the Ilizarov method in complex ankle arthrodesis have been described [13] and include (1) Type B hosts (as opposed to a Type A host who is a healthy person) [7] ; (2) infection about or in the ankle;
(3) simultaneous limb lengthening with arthrosis in patients younger than 70 years with a limb length discrepancy greater than 2.5 cm; (4) deformity of the ankle contraindicating internal fixation; and (5) osteopenia or poor skin quality suggesting a high risk for a poor outcome ( Table 1) . Cierny et al. defined a Type B host as an individual with systemic or local compromise such as malnutrition, smoking, renal or liver failure, diabetes, active malignancy, steroid or immunosuppression therapy, venous stasis, radiation fibrosis, or chronic hypoxia [7] , whereas a Type A host is a healthy person.
Patients who were not deemed complex, patients who had internal fixation for the ankle arthrodesis, and patients who had inadequate followup (defined here as failure to appear for 3-and 6-month followups after frame removal) were excluded, leaving a cohort of 82 patients. These patients then were separated into two groups based on the use of rhBMP-2 at the time of fusion surgery. Demographics in these two patient groups were numerous but approximately equivalent between rhBMP-2 treatment and nontreatment groups ( Table 2 ). All patients with Charcot neuroarthropathy had Eichenholtz Stage 3 disease [12] . Two patients in the rhBMP-2 group presented with an open fracture, but these were closed by the referring surgeon and did not require soft tissue coverage. Nine of 40 (23%) untreated patients and 12 of 42 (29%) treated with rhBMP-2 presented with at least one failed ankle arthrodesis. No patient had an active infection at the time of management. No patients were recalled specifically for this study; all data were obtained from medical records and radiographs.
Ankle fusions were performed as previously described [13] using circular fixation. The majority of patients received spinal anesthesia with intravenous sedation. Medial and lateral approaches were used. The distal fibula and medial malleolus were resected. Flat cuts were made across the distal tibia and the proximal talus. In the first 40 patients, no rhBMP-2 (Infuse; Medtronic, Minneapolis, MN, USA) was used. In the remaining 42 patients, rhBMP-2 was used. Surgical technique, weightbearing status, followup direction, and all other aspects of standard of care remained consistent. The manufacturer supplies rhBMP-2 with a collagen sponge carrier. A medium-sized kit was used, and we delivered rhBMP-2 at a concentration of 1.5 mg/cc into each of four collagen sponges. The sponge was allowed to sit for 60 to 120 minutes after preparation. This allowed for a 95% uptake of rhBMP-2, according to Dawson et al. [8] . Two of the sponges were cut into small pieces and inserted directly into the fusion site. The other two sponges were then wrapped around the fusion site. In patients with large defects, allograft was used. No other graft types or modes of intervention were used in either patient group.
An Ilizarov/Taylor Spatial Frame TM (TSF) (Smith & Nephew, Memphis, TN, USA) external fixator then was applied to the ankle. Each ring was secured with tensioned wires and half pins. The wires were stainless steel 1.8-mm K wires tensioned to 130 kg. Hydroxyapatite-coated 6-mm tapered pins were used. The foot ring was closed anteriorly and fastened to the tibial ring block with rods. Then five wires were inserted in multiple planes through the foot and tensioned to between 90 and 130 kg. The subtalar joint was protected from compression by inserting a talus wire through the talar body, then arching it proximally and tensioning it, distracting the subtalar joint. For this construct, TSF rings were used and connected with simple threaded rods and compressed ( Fig. 1 ). We generally allowed patients to weightbear as tolerated, although patients with neuropathy were not permitted full weightbearing throughout treatment for fear of breaking the external fixator. Pin care began on the second postoperative day and was performed once daily after that. The patients' stay in the hospital ranged from 3 to 5 days. Patients were followed up monthly in the office to assess bone healing. A physical examination and AP, mortise, and lateral 17-inch ankle radiographs were performed at each visit. A CT scan was performed 3 months after surgery to assess bone bridging at the fusion site. Patients who did not have radiographic signs of healing 3 months after surgery were treated with repeat grafting with allograft and bone marrow aspirate. Poor healing was determined by a persistent lucency at the fusion site observed on plain radiographs or by less than 30% bone bridging on CT scans (Fig. 2) . These clinical radiographic assessments were made by the operating surgeon (ATF).
After Ilizarov frame removal, patients wore a cast for 6 weeks followed by a cam boot for an additional 6 to 12 weeks to allow the bone defects caused by pin tracts to heal. At this point the patient was considered for a custom shoe or other long-term footwear. Normal patient followup was at 1, 3, 6, and 12 months after frame removal. Annual visits were recommended thereafter. Outcomes include initial union, final union, and total time wearing the frame. An initial union is defined here as a union that occurred 3 months after surgery as a result of the initial fusion procedure. These patients did not require additional grafting surgery. Final union was defined as bony union at the time of frame removal regardless of the need for further intervention. Total time wearing the frame was measured from the date of frame placement at the initial surgery to the date of final frame removal. Mean followup from the date of frame removal was 43 months (range, 16-84 months).
CT imaging was available at 2.5 to 3.5 months after the index procedure in 34 of 63 (54%) patients. All measurements were performed by a radiologist who was blinded to patient identity or treatment group. CT examinations were performed of the ankles at 1-mm slice intervals with 0.5mm overlap. A soft tissue and bone algorithm were obtained using a filtered back projection technique with a low iterative dose component to help reduce the overall dose imparted to the patient. Images were obtained at 140 kVp and 300 to 340 mAs to optimize evaluation in the setting of hardware and for accommodation to patient size. Using the axial source images, sagittal and coronal reformations were obtained at 1-to 2-mm slice intervals. Each sagittal image obtained through the area of fusion then was viewed using a routine bone window and an extended bone window to help further reduce streak artifact. On each image, the amount of bony bridging was quantified as was the overall joint space. Overall healing was calculated by taking the cumulative sum of bone bridging measurements and calculating ossification as a percentage of the sum of all joint spaces [20] .
Of patients excluded from this study, eight were deemed noncomplex (three who received BMP-2, five non-BMP-2), four had a prior internal fixation (one with BMP-2 and three non-BMP-2), and two were lost to followup (one with BMP-2, one non-BMP-2). Statistical analysis was performed using Prism 5.0 (GraphPad Software, La Jolla, CA, USA). Statistical significance in initial and final unions between BMP-2 and untreated groups was determined using the Fisher's exact test. Significance in time wearing the frame and CT healing was determined using the unpaired two-way t-test. For groups with fewer than six members, the Mann-Whitney test was used to account for nonGaussian distributions.
Results
The proportion of patients who achieved initial union was greater in the rhBMP-2 group than in the control group (39 Fig. 1 The entire construct for ankle fusion with application of the Ilizarov circular fixator with a closed foot ring and single distal tibial ring is shown. The limb shortening subsequently was remedied with tibial distraction osteogenesis. of 42, 92%, versus 21 of 40, 53%; p \ 0.001; OR, 11.76; 95% CI, 3.12-44.41). The initial union rate for patients with Charcot neuropathy treated with rhBMP-2 was nine of 10 (90%). This was greater than (p = 0.005) the rate of initial union of two of nine (22%) for patients not treated with rhBMP-2. An improvement in initial union rate also was observed among patients with diabetes, hypertension, obesity, and a history of infection ( Table 3 ). The final union rate of rhBMP-2-treated patients was 40 of 42 (92%). This was similar to (p = 0.08) the final union rate of non-rhBMP-2-treated patients (33 of 40 [82%]) ( Table 4 ). No differences were observed in the rate of initial or final union in patients who received allograft in untreated (78% versus 100% with allograft; n = 7, p = 0.30), or rhBMP-2 (94% versus 100% with allograft; n = 10 with allograft, p = 1) groups. Similarly, time wearing the frame was not affected by administration of allograft in either untreated (172 ± 12 days versus 131 ± 20 days, p = 0.10) or rhBMP-2 (130 ± 8 days versus 117 ± 8 days with autograft, p = 0.37) groups.
Patients treated with rhBMP-2 spent less time wearing the frame than patients who did not receive rhBMP-2. The mean total time wearing the frame for rhBMP-2-treated patients was 124 days (SEM 6.53, compared with the 161day mean SEM 13.3) prescribed for non-rhBMP-2-treated patients (p = 0.011). Patients with Charcot neuropathy treated with rhBMP-2 had a mean time wearing the frame of 132.0 days (SEM, 10.52), which was less than (p = 0.01) the mean time wearing the frame of 206 days (SEM, 20) for patients with Charcot neuropathy not treated with rhBMP-2 ( Table 5) .
Patients treated with rhBMP-2 showed more bone bridging than the patients not treated with this product, as assessed on CT scans obtained 3 months after the index procedure. Patients treated with rhBMP-2 showed a mean of 48% (SD, 4.18) bone bridging, which was greater than the 32% (± 5.90) bridging seen in the non-rhBMP-2treated patients (p = 0.036). Regarding CT analysis and clinical outcome, 100% of patients who were measured to have 30% or greater bone bridging at the fusion site 3 months after the index procedure achieved a successful initial union without intervention.
There were no differences in the frequency of complications between the groups. Six of 42 rhBMP-2-treated patients (14.3%) and five of 40 untreated patients (12.5%) were treated for pin site infections during the time they wore the frame. One patient in the non-rhBMP-2 group underwent a below knee amputation owing to a deep infection. No heterotopic ossification, deep vein thrombosis, compartment syndrome, wound breakdown, or focal neurologic deficiency was observed in either patient group.
Discussion
Although the Ilizarov method of circular fixation has been associated with strong ankle fusion outcomes, recent work suggests that patients with Charcot neuropathy, smokers, and postinfection patients continue to have substantial nonunion rates [13, 17, 24] . Attention has turned to the potential benefit of rhBMP-2 to improve surgical outcome in complex patients [10, 14] . We asked whether rhBMP-2 treatment could (1) increase the rate of successful ankle fusion in complex patients; and (2) reduce total time wearing a frame when compared with non-rhBMP-2-treated patients. We also asked (3) whether CT scans performed 3 months after surgery could confirm a difference in the percentage of bone bridging between the two groups; and (4) whether rhBMP-2 treated patients exhibited short-or long-term complications as compared with untreated patients.
As with any retrospective study, we encountered several limitations. We were limited to the number of patients available to us at the start of the study. The limited sample size presented here includes patients with multiple overlapping comorbidities. Nearly every patient who was included in one comorbidity category fell into several. This presents a confounding risk, although the groups that were associated with significance were profoundly different from the remainder of the study population. The experimental and control groups were not randomized. The use of rhBMP-2 came about as a change in practice. Therefore, the earlier ankle fusions were done without rhBMP-2 and the more recent ankle surgeries were performed with rhBMP-2. This introduces bias. Although our preoperative and postoperative standard of care remained consistent throughout the patient group, we could not control for the exact surgical technique performed and any improvement in surgical skill with time. Placement of the rhBMP-2 soaked collagen sponges was variable in many cases based on the dimensions of the fusion site. There has been no study, to our knowledge, that definitively determines ideal placement for the collagen sponge, and therefore we cannot confirm an equal scale of effect in all rhBMP-2 treated patients. However, it is likely that this would have decreased rhBMP-2 efficacy, and therefore the significance we present would be increased. Further technical variation includes use of allograft in some patients with larger defects, which represents a potential source of skewed findings. However, we believe this be minimal based on the nonsignificance measured in intragroup analysis. The use of a 3-month point for assessing initial fusion was clinically based. Treatment was not allowed to fail in patients who had poor healing, and these patients underwent an additional surgical procedure of bone grafting. By intervening we do not know how many of the patients with poor healing would have achieved fusion or had nonunion. However, as our revision modality was consistent, we believe that the comparative final union rate between rhBMP-2 and untreated groups was not affected by this. The treatment course, defined as time wearing the frame, had end points demarcated by the surgeon based on standardized radiologic criteria of using CT scans to detect greater than 30% healing as measured by the surgeon, and persistent lucency of the fusion site. As this was not blinded, it is impossible to say with certainty that the surgeon's opinion of patient healing was not biased based on his intervention. However, this potential for bias was minimized by adhering to the previously noted criterion. Further, retrospective quantitative validation using a blinded radiologist and a previously used CT analysis algorithm supports our clinical findings. Although variability in morbidity subgroups was less than that observed between subgroups, the reduced sample size and sparse literature available prevented us from performing a formal power analysis. The availability of CT data in the appropriate reference range of 2.5 to 3.5 months after fusion from only 53% of the total cohort compromised a comprehensive assessment of the efficacy of this analysis technique. The remainder of patients had this scan later during their clinical course owing to scheduling variability. These data were removed owing to the difficulty encountered in comparing such a wide temporal range of quantitative measurements. Loss to followup was similar between rhBMP-2 and non-rhBMP-2 groups (n = 1 each).
Our findings suggest that the rate of initial union of ankle arthrodesis at 3 months was improved by rhBMP-2 administration. This effect was noted in multiple patient subgroups (Charcot, diabetes, postinfection, and smokers) throughout the rhBMP-2 cohort but was most profound in patients with Charcot neuroarthropathy. The patients who did not achieve union by 3 months were not considered to have nonunion. These patients had delayed unions, and some may have achieved healing without further intervention. This is why our initial union rate of 52% in the non-rhBMP-2 group was low compared the rate in another study [13] . The rate of final union was similar in the two patient groups. This supports the use of CT assessment of union at 3 months postoperatively and aggressive intervention for patients with inadequate healing. The potential for rhBMP-2 to improve ankle fusion outcomes has been covered, to our knowledge, in only two previous studies. Bibbo et al. [3] found a 96% ankle fusion rate with the use of rhBMP-2 (n = 110 in 69 patients); however, there was no control group. DeVries et al. [9] attempted to compare the rate of fusion and time until radiographic union for rhBMP-2-and untreated groups in an analysis of tibiotalocalcaneal fusions after failed initial arthrodesis, but as a result of the small sample size (n = 7 in rhBMP-2 group and n = 16 in untreated), their study failed to show significance.
Time wearing the frame is not just a measure of clinical outcome, but also a metric for the risk of morbidity sustained by the wearer. This morbidity includes the increased risk of superficial and deep infection, pin loosening or failure, tibial fracture from the stress riser produced by the frame, and pain from the frame [21, 27] . Logically, it is in the best interest of the surgeon and the patient to use modalities that reduce the total time wearing the frame. Our untreated patient group had a median time wearing the frame of 24.1 weeks (range, 7-39.1 weeks), a range comparable to that in previous studies [7, 13] . In contrast, the rhBMP-2-treated patient group had a median time wearing the frame of 17.3 weeks (range, 10.1-35.7 weeks), an improvement of nearly 2 months. Patients with Charcot neuropathy showed the most profound improvement in time wearing the frame, a reduction from 29 weeks to 18.4 weeks-an improvement of 3 months. The fragile bone structure of patients with Charcot neuropathy in particular presents a particular reconstructive challenge. Herscovici et al. [17] reported that even pantalar fusion in these patients resulted in a 50% complication rate and a 25% reoperation rate. The combination of increased salvage rate for patients and decreased costs secondary to reoperation would suggest the potential for rhBMP-2 to become the standard of practice in this patient group [1] . The low incidence of complications in our patients also may be attributed to the decreased time wearing the frame allowed by rhBMP-2 use.
Our CT findings provide quantitative support to our clinical observations. Current clinical management of patients undergoing Ilizarov frame treatment is purely dependent on clinical judgment aided by plain film readings to assess cortices of healing and bone alignment [13, 16, 22] . This system is highly dependent on the experience of the surgeon and, regardless of skill, can result in premature or late frame removal, increasing patient morbidity and/or nonunion. A difficulty in establishing CT-dependent criteria for frame removal is our lack of patients with adverse complications and poor healing. Prior work suggests that a threshold of 32% is correlated with good fracture healing [11] . Our study is hindered by a large proportion of our patient population that did not receive CT, making firm conclusions on this end point difficult. Therefore we can state only that 100% of patients who were measured to have achieved 30% or greater healing observed on CT scans 3 months postoperatively achieved successful union without grafting; it is possible that some of the patients who were lost to followup had results different from the results of patients who returned for followup, and those results likely were not as good. Future prospective, randomized, blinded trials will allow us to substantially increase sample size and thereby allow us to more precisely associate CT measurement thresholds with clinical outcomes.
To our knowledge, our study is the largest retrospective analysis of rhBMP-2 on ankle fusions, and the first to suggest, in the setting of a comparative study, that rhBMP-2 improves clinical results (fusion, time wearing a frame, and bone bridging) in patients undergoing ankle fusion. A prospective randomized clinical trial with sufficient sample size should be performed before conclusive recommendations regarding the use of rhBMP-2 in patients with complex ankle fusions can be made. Future studies will focus on the development of such a trial standardized by CT scan-mediated cutoffs for clinical course.
